Chemokines are named and best known for their chemotactic cytokine activity in the hematopoietic system; however, their importance extends far beyond leukocytes, cell movement and immunoregulation. CXCL12, the most protean of chemokines, regulates development in multiple systems, including the hematopoietic, cardiovascular and nervous systems, and regulates diverse cell functions, including differentiation, distribution, activation, immune synapse formation, effector function, proliferation and survival in the immune system alone. The broad importance of CXCL12 is revealed by the complex lethal developmental phenotypes in mice lacking either Cxcl12 or either one of its two known 7-transmembrane domain receptors Cxcr4 and Ackr3, as well as by gain-offunction mutations in human CXCR4, which cause WHIM syndrome, a multisystem and combined immunodeficiency disease and the only Mendelian condition caused by a chemokine system mutation. In addition, wild type CXCR4 is important in the pathogenesis of HIV/AIDS and cancer. Thus, CXCL12 and its receptors CXCR4 and ACKR3 provide extraordinary examples of multisystem multitasking in the chemokine system in both health and disease.
Introduction
Darwin's theory of the origin of species by natural selection of variation in heritable traits is the foundation of modern biology, although it predated identification of the gene as the heritable unit. Had he known about the gene, Darwin might have predicted that genomic complexity would increase with increased phenotypic complexity, and across the major taxonomic groupings of viruses, prokaryotes and eukaryotes he would be right. However, the pattern breaks down spectacularly among multicellular organisms. For example, the number of annotated protein-encoding genes in C. elegans and man is estimated to differ by only 1-2% and is only about 20% greater than in Drosophila. Impressively, the human genome contains only twice the number of genes found in even single cell protozoans. The paradox of genetic parsimony in multicellular eukaryotes may be explained by diverse genomic and post-genomic mechanisms, including diversification of the genetic repertoire, differential gene expression, epigenetic and environmental factors, non-coding RNA genes, RNA splicing and editing, post-translational protein processing, and protein multitasking. In the chemokine system, there are now many examples of multisystem protein multitasking, the subject of this special issue of Cytokine, but CXCL12 is the richest and will be the primary focus of this review. There is a vast literature on CXCL12 and its receptors that cannot be comprehensively summarized in any one review article. Emphasis will be placed here on non-canonical, non-chemotactic functions of CXCL12 signaling as applied to basic principles and the strongest examples from the study of human disease. The importance of CXCL12 signaling in leukocyte trafficking has been reviewed previously [1, 2] and its role in cancer is reviewed in an accompanying article by Peled et al. in this issue [3] .
The CXCL12 signaling system
Despite a shared ancestry with all other chemokines, CXCL12 has an atypical evolutionary history. Chemokine genes are first found in vertebrates, where they have evolved rapidly through duplication, extinction and non-synonymous mutation [4] [5] [6] . In this way, during vertebrate evolution chemokine repertoires have diversified in size and chemokine orthologues have diversified in sequence. CXCL12 deviates markedly from this pattern since it lacks paralogs in most vertebrates and has extremely highly conserved orthologues. For example, there is only one amino acid difference, a conserved valine for isoleucine at position 18, among the 68 amino acids in the mature forms of human and mouse CXCL12α [7] , the best-studied of six isoforms of CXCL12, whereas for other chemokine orthologues from these species there is usually much greater than 20% amino acid sequence divergence [6] . Fig. 1 .
The six human CXCL12 isoforms are generated by identical splicing of the first 3 exons and differential splicing of a fourth exon, resulting in identical sequence from amino acids 1-68, and an additional 4, 20, 51, https://doi.org/10.1016/j.cyto.2017.12.0221 and 11 amino acids at the C-terminus for isoforms β,γ,δ,ε and ϕ, respectively. Only CXCL12α, β and γ are conserved in mouse. There is evidence of differential expression and some evidence of differential function for these variants. For example, the C-terminus of the γ-isoform contains a positively charged glycosaminoglycan (GAG) binding site, which enhances CXCL12 gradient formation [8, 9] . Differential splicing such as that described for CXCL12 is not a common general mechanism for generating diversity among chemokines, and CXCL12 is the only CXC chemokine that undergoes differential mRNA splicing. CXCL12 is also exceptional among chemokines in being regulated more by posttranslational than by transcriptional mechanisms (see Tables 1  and 2 ). CXCL12 has two known receptors, CXCR4 and ACKR3 [10, 11] , both of which are also unusual in being highly conserved members of the large and otherwise rapidly evolving chemokine receptor family [1] . Consistent with their exceptionally highly conserved structures, CXCL12, CXCR4 and ACKR3 are the only chemokine system genes that are essential for life, as revealed by perinatal lethal developmental phenotypes in the corresponding gene knockout mice [12] [13] [14] [15] . Gain-offunction mutations in CXCR4 are also poorly tolerated. In particular, almost all known germline mutations in human CXCR4 increase receptor signaling capacity and cause warts-hypogammaglobulinemiainfections-myelokathexis (WHIM) syndrome, a multisystem developmental and immunodeficiency disease (see below) [16, 17] . In addition, all known acquired somatic mutations in human CXCR4 have been found in cancerous plasma cells in patients with Waldenstrom's Macroglobulinemia, where they are associated with poor prognosis [18] . Interestingly, some of the CXCR4 mutations found in Waldenstrom's Macroglobulinemia also independently cause WHIM syndrome [19, 20] .
The fact that Cxcl12 and Cxcr4 knockout mice have the same perinatal lethal multisystem phenotypes was originally interpreted to mean that CXCL12 and CXCR4 form a monogamous ligand-receptor pair; however, perinatal lethality in these mice precluded identification of concordant and discordant phenotypes in adult animals. Subsequent discovery of ACKR3 as a high affinity CXCL12 receptor as well as functional interactions among CXCR4, ACKR3 and other signaling receptors has pointed to the possibility of far greater complexity in this signaling system. CXCR4 is a G protein-coupled receptor specific for the G i family of heterotrimeric G proteins. ACKR3 is an atypical chemokine receptor that signals predominantly in a G protein-independent and β-arrestin-dependent manner, but may also functionally downregulate CXCR4 signaling by either scavenging CXCL12 or by heterodimerizing with CXCR4 [21] . ACKR3 was originally identified as an orphan receptor named RDC1 in 1990 by cloning of cDNA from a canine thyroid library [22] . In 1991, a human orthologue of RDC1 named GNR1 was cloned from leukemic pre-B cells but was misidentified as a vasoactive intestinal polypeptide receptor [23] . In 1995, RDC1 was reported to be a functional receptor for CGRP, adrenomedullin and amylin, which were all able to bind to and induce cAMP accumulation in RDC1-transfected cells [24] . CXCL12 was later identified as a chemokine ligand for human RDC1 and was originally reported to mediate T cell chemotaxis as well as cell survival and adhesion [11, 25] . Accordingly, RDC1 was renamed CXCR7 then ACKR3 when the ACKR nomenclature system was established for a small group of 7-transmembrane domain chemokine receptors that do not signal through G proteins, if at all [26] . The other members of this family are ACKR1, previously known as the Duffy antigen or DARC (Duffy antigen receptor for chemokines), ACKR2 (previously known as D6) and ACKR4 (previously known as CCX CKR and CCRL1, among other aliases).
CXCR4 and ACKR3 are differentially expressed with some overlap, including in marginal zone B cells. Interactions between ACKR3 and CXCR4 that fine tune cell migration may occur either in cis through heterodimerization [14, 27] or in trans by exclusive expression on neighboring cells. An excellent example of interaction in trans is provided by elegant genetic and imaging studies in zebrafish in which gonadal germ cell positioning was shown to be dependent on activation of Cxcr4b (one of two CXCR4 receptor subtypes in zebrafish) by Cxcl12, whose concentration is shaped dynamically into gradients by Ackr3 acting as a Cxcl12 sink on somatic cells [28] [29] [30] . ACKR3 binds CXCL12 with higher affinity than CXCR4 and, unlike CXCR4, continually recycles in a ligand-independent but β-arrestin-and ubiquitin-dependent manner without being degraded [31] .
CXCL12 and its splice variants are the only endogenous chemokine agonists known for CXCR4, whereas ACKR3 has one other known chemokine agonist, CXCL11 (previously known as I-TAC), which together with CXCL9 and CXCL10 is also an agonist at the T cell-specific chemokine receptor CXCR3. Many DNA viruses have pirated chemokine and chemokine receptor genes from their hosts, and one of these, human herpesvirus-8, encodes an exogenous chemokine ligand for CXCR4 named vMIP-II; however, it acts as an antagonist [32] . Nonchemokine ligands have also been identified for both CXCL12 receptors [2] , including MIF (macrophage migration inhibitory factor) [33, 34] , extracellular ubiquitin [35] , and the envelope glycoprotein gp120 from T cell-tropic strains of HIV [36] , which are all agonists at CXCR4; human β defensin-3, which is an endogenous antagonist at CXCR4 [37] ; and adrenomedullin, which was originally reported to be an agonist at ACKR3 and may be scavenged by it [38] . In addition, the highly conserved chromatin protein HMGB1 (high mobility group box 1) can act as a damage-associated molecular pattern (DAMP) when it is released from dying cells, and then form a complex with CXCL12, enhancing the chemokine's ability to bind to and activate CXCR4 [39] . This multitude of potential ligand-receptor interactions is rendered even more complex since CXCR4 and ACKR3 ligands may interact differentially with different states of CXCR4 and ACKR3, as well as with additional receptors, including other chemokine receptors (e.g. MIF is also an agonist at CD74 [40] and CXCR2 [34] ).
Structures of CXCR4 complexed to small ligands (small molecule antagonist IT1t and cyclic peptide antagonist CVX15 derived from Limulus polyphemus) as well as to vMIP-II have been solved, resolving the receptor as a dimer with hydrophobic contact sites in helices V and VI [41] . The vMIP-II-CXCR4 structure revealed 1:1 chemokine-receptor stoichiometry and a surprisingly broad chemokine-receptor interface prompting a revision of the classic 2-site model for chemokine ligandreceptor binding [42] . Unlike many other G protein-coupled receptors, CXCR4 lacks a short 8th alpha helix and a site in the C-tail for palmitoylation [41] . Biochemical and genetic studies have revealed that the receptor may undergo N-terminal domain sulfation on three tyrosine residues, which may contribute to site 1 for ligand binding, and Cterminal ubiquitinylation, which is important for degradation after receptor internalization [43] . Key functional domains in CXCL12 include the CXCR4 site 1-docking domain from amino acids 12-17, the CXCR4 site 2-activating domain in the N-terminus, especially Asp1 and Pro2, which are essential for activity, and the BBXB domain from amino acids 24-27, which is important for glycosaminoglycan (GAG) binding. GAG binding by CXCL12 appears to be important in regulating in vivo presentation and activity [44, 45] . Post-translational processing of CXCL12 by proteolytic enzymes such as diprolylpeptidase 4 rapidly produces N-terminal truncation forms with reduced or absent activity [46] . The crystal structure of CXCL12 is a dimer; however, its state upon binding to CXCR4 could vary depending on the local concentration of the ligand as well as the state of the receptor, which might exist as a monomer, homodimer or higher order homomultimer, or as a heteromer. CXCR4 has been shown to form heterodimers with ACKR3 as well as with several G protein-coupled chemokine receptors and other G proteincoupled receptors [47] , and some evidence suggests that in some cases this may be functionally significant in primary cells [48] . CXCR4 has also been reported to act as a coreceptor, including with CD74 to form a MIF receptor [40] , with CD4 to form an HIV entry factor [36] , with the T cell receptor to promote T cell activation in the immune synapse [49] , and with TLR2 to modulate angiogenesis [50] .
CXCL12 was first identified as a product of bone marrow stromal cells and therefore was originally named 'stromal cell-derived factor-1′ (SDF-1) [51] . The first function identified for CXCL12 was its mitogenic activity for B-cell progenitors in vitro, thus the competing alias given to it at the time of "pre-B cell growth-stimulating factor" (PBSF) [52] . It is now known that CXCL12 is constitutively expressed in many tissues, including primary and secondary immune organs, lung, liver, thymus, uterus and gut, including in the embryo, so that it is considered a homeostatic chemokine, regulating normal developmental and nonemergency functions. Endothelial cells in bone marrow sinusoids and bone marrow stromal cells are rich constitutive cell sources of CXCL12, and hematopoietic stem cell homing to and positioning and retention in bone marrow stem cell niches is mediated in part by CXCL12 signaling through CXCR4 [53, 54] . However, CXCL12 may also be upregulated in the context of infection and inflammation, and should be more properly classified as a dual-use homeostatic/inflammatory chemokine [55] . CXCR4 is expressed on high percentages of most subsets of mature and immature hematopoietic cells, neurons of the central and peripheral nervous system, microglia and astrocytes, many cancer cells of both hematopoietic and non-hematopoietic origin, and many other undifferentiated and differentiated cell types, consistent with the multifunctional potential of CXCL12 [56, 57] . CXCR4 is the only chemokine receptor besides CCR7 that is constitutively expressed on naïve T cells.
CXCL12-CXCR4 functions are unusually broad compared to other chemokines and include cell trafficking and positioning, neovascularization, and cell survival and growth. Nevertheless, CXCR4 signaling involves widely shared G protein-coupled signaling pathways, involving pertussis toxin-sensitive G i -proteins, phospholipase C activation, calcium mobilization, and activation of Akt, MAP-kinases and PI-3 kinase, as well as arrestin-dependent signaling [58] . Factors that may explain how these common signals are integrated to produce diverse and unique cell response profiles after CXCL12 stimulation include the cell context, CXCL12 signal strength, possible CXCR4 homo-and heterodimerization and novel signaling pathways recruited to the dimerized receptor [48, 59] . ACKR3 signaling through β-arrestin may involve activation of Akt and the MAP kinases ERK1 and ERK2 [60] .
Exploitation of CXCR4 by HIV as a coreceptor for cell entry
Historically, CXCR4 was first identified as an orphan receptor by multiple groups under various names. It was then rediscovered as the first HIV coreceptor and briefly named 'fusin' to convey its HIV envelope-target cell membrane fusogen activity during the process of cell entry by the virus [36, 61] . It is specific for HIV strains that efficiently infect certain cultured T cell lines and PBMCs, but not primary macrophages. Thus, its first known function was unrelated to leukocyte chemotaxis or any other physiologic function, but instead involved its pathologic exploitation by a virus resulting in acquired immunodeficiency. HIV strains that exploit CXCR4 are now eponymously called X4 strains and bind via the HIV envelope glycoprotein gp120 to both CD4 and CXCR4 on the target cell. Soon after CXCR4 was identified as an HIV coreceptor, CXCL12 was identified as its first chemokine agonist [62, 63] , and the known HIV-inhibiting bicyclam AMD3100 (Mozobil, plerixafor; marketed by Sanofi-Aventis) was shown to work by acting as a specific small molecule antagonist at CXCR4 [64] . Many other naturally occurring and synthetic CXCR4 binding agents can also block entry of target cells by X4 strains of HIV [65] .
The importance of CXCR4 in HIV pathogenesis is suggested in part by 1) the identification of HIV strains from patients that require CXCR4 for cell entry in vitro; and 2) the ability of AMD3100 to suppress X4 HIV viral load in patients. Development of AMD3100 for clinical use was abandoned in HIV/AIDS 1) because it must be given at high doses subcutaneously, 2) because of some limited evidence of toxicity at the high doses needed for efficacy, and 3) because X4 strains typically do not transmit and initiate infection, but rather appear at late stages of infection in a small subset of patients associated with the onset of AIDS. Nevertheless, potent hematopoietic stem cell (HSC)-mobilizing activity was noticed during clinical trials of AMD3100 in HIV/AIDS [66] , and it was eventually repurposed and approved by the FDA in combination with G-CSF for peripheral blood HSC collection for autologous bone marrow transplantation in patients receiving myeloablative chemotherapy for multiple myeloma or non-Hodgkins lymphoma [67, 68] .
Most of the many other HIV coreceptors that have been identified by in vitro assays are also chemokine receptors [61] . CCR5, which is used by eponymous R5 strains of HIV for cell entry, is the only one besides CXCR4 that is clearly important in vivo, as supported by an abundance of genetic and pharmacologic evidence, including (1) genetic resistance to HIV infection in individuals lacking CCR5 due to homozygous inheritance of the complete loss-of-function allele CCR5Δ32, which encodes a massively truncated protein that does not traffic to the plasma membrane [69] [70] [71] [72] [73] ; (2) the clinical antiretroviral efficacy of the specific CCR5 antagonist maraviroc, developed and marketed by Pfizer [74, 75] ; and (3) the remarkable and fortuitous case of the "Berlin patient", an HIV + individual who was functionally cured of HIV infection by bone marrow transplantation from a homozygous CCR5Δ32 donor after myeloablative chemotherapy for acute myelogenous leukemia [76, 77] . CCR5 is the coreceptor used by the majority of primary HIV isolates including the disease-transmitting strains. Pharmacotherapy directed at CCR5 and CXCR4 in HIV/AIDS requires foreknowledge of the strain or strains present in the patient. This and the fact that many HIV strains can use both CXCR4 and CCR5 for cell entry have limited the use of maraviroc in the treatment of HIV/ AIDS. Still, the critical importance of these coreceptors has inspired investigation of HIV cure strategies involving gene editing in patient leukocytes. Proof of principle for this approach has been published for a zinc finger nuclease targeting the CCR5 gene [78, 79] and is now being expanded to CRISPR/Cas9 editing.
Important unanswered questions about CXCR4 in HIV/AIDS include (1) why X4 strains do not appear to efficiently transmit the disease even when X4 virus is transmitted congenitally or by blood transfusion; (2) why X4 viruses do not efficiently infect primary macrophages; and (3) whether X4 viruses or defective X4 viral-like particles contribute to immune hyperactivation and accelerated CD4 + T cell depletion by gp120 activation of CXCR4. The role of constitutive expression of CXCL12 and other endogenous CXCR4 ligands, as well as the ratio of defective to infectious virus are important considerations in resolving these questions.
Insights into CXCL12-CXCR4 multitasking from WHIM syndrome immunodeficiency
WHIM syndrome is an extremely rare congenital multisystem combined immunodeficiency disease caused by autosomal dominant gain-of-function mutations in the C-tail of CXCR4 [16] . It is the only Mendelian condition caused by a mutation in the chemokine system, and it provides an important opportunity to define the biologic importance of CXCR4 signaling in humans. "WHIM" is an acronym for the most common clinical manifestations in the disease: treatment-refractory Warts, Hypogammaglobulinemia, recurrent Infections and Myelokathexis. WHIM syndrome is a subtype of severe congenital neutropenia, and myelokathexis is a neologism meaning "bone marrow retention", which was coined to convey the mechanism originally proposed to explain the unusual type of neutropenia in the disease: normal production but abnormal retention of neutrophils in the bone marrow [80] . To our knowledge, all humans identified so far with germline CXCR4 mutations affecting the C-tail have had congenital neutropenia and almost all eventually develop one or more other features of WHIM syndrome; conversely, only ∼2% of patients clinically diagnosed with WHIM syndrome lack a CXCR4 mutation [81] . Severe deficiencies in other leukocyte subsets in the blood and mild thrombocytopenia are often present in WHIM patients, whereas anemia is usually absent. The disease has been reported in all major racial groups, but most reported patients have been from the USA, France and Italy.
WHIM mutations may be inherited or appear de novo, and include frame shift, nonsense and non-synonymous point mutations affecting the C-tail of CXCR4. This region of the receptor is even more highly conserved than the overall protein sequence, with 100% identity, for example, in the terminal 19 amino acids between human and chicken CXCR4 [82] . Truncation of even small portions of the C-tail results in loss of multiple serine residues resulting in potential loss of ligand-induced G protein-coupled receptor kinase (GRK)-mediated phosphorylation of the receptor, β-arrestin binding to the activated receptor, and negative regulation (desensitization, receptor downregulation) [83] . This provides a molecular explanation for how a loss of structure may paradoxically result in a CXCL12-stimulated gain-of-function for WHIM receptors in calcium flux, chemotaxis, Akt and Erk phosphorylation, and other functional assays [16] . However, since CXCL12-induced downregulation of wild type CXCR4 normally occurs much later than when the gain of function is first apparent after stimulation of WHIM receptors (within seconds in real-time signaling assays), other mechanisms are also likely to contribute to increasing WHIM receptor signaling, including for example enhancement of G protein coupling by loss of inhibitory determinants in the mutated C-tail [58, 84] .
Although immunodeficiency in WHIM syndrome may be broad and include severe panleukopenia and hypogammaglobulinemia, the spectrum of infections is paradoxically narrow, mainly HPV and recurrent but non-life threatening non-invasive otosinopulmonary and skin infections caused by common extracellular bacterial pathogens. Since hypogammaglobulinemia is the least penetrant feature, neutropenia may be the most important antibacterial host defense component of WHIM immunodeficiency that drives the recurrent infection phenotype. Two normal, non-canonical, non-chemotactic CXCR4 activities are thought to be exaggerated in WHIM syndrome to explain neutropenia. The first involves positioning and anchoring of neutrophils in the bone marrow in response to constitutively high local concentrations of CXCL12 [85, 86] . This mechanism initially seemed clear from analysis of neutrophil dynamics in wild type mice, but has subsequently been called into question by analysis of a WHIM mouse model in which neutropenia was not associated with an excess of neutrophils in bone marrow [87] . Moreover, plerixafor was reported not to mobilize neutrophils to the blood from the bone marrow in mice [88] . The second mechanism involves apoptosis. CXCR4 signaling is known to induce apoptosis of many cell types, and, consistent with this, high frequencies of apoptotic neutrophils have been reported in the blood and bone marrow of patients with WHIM syndrome [89, 90] . Apoptosis drives upregulation of CXCR4 expression in neutrophils, which may normally force the cells in the blood to home back to bone marrow for destruction in response to high local concentrations of CXCL12.
Importantly, WHIM neutrophils have been reported to produce normal levels of superoxide anion after stimulation with PMA and to kill S. aureus normally ex vivo, and they have enhanced chemotactic responses to CXCL12 [91] . Therefore, they should be effective in host defense if they are able to access the peripheral blood. In fact, acute bacterial infection can induce neutrophilia in WHIM patients, as it does in non-immunocompromised individuals, which may resolve the clinical paradox of why most WHIM patients may have extremely severe neutropenia without suffering from invasive life-threatening infections [92] . This may also explain why diagnosis of WHIM syndrome is often delayed for years or even decades in de novo cases: even when infections are frequent and severe, neutropenia may be masked at the time of clinical presentation. Ultimately, the diagnosis of WHIM syndrome requires a bone marrow evaluation to demonstrate myelokathexis, which is typically considered only when chronic neutropenia or other evidence of immunodeficiency is documented in the blood between infections. Clinical studies showing that very low doses of G-CSF or plerixafor can markedly increase the absolute neutrophil count in the bloodstream of WHIM patients within 3 h after administration suggest that the WHIM-dependent mechanisms driving neutropenia can be fairly easily overcome [93, 94] . Thus, infection-induced neutrophilia appears to be a critical protective mechanism for WHIM patients, making WHIM syndrome a relatively "benign" immunodeficiency. The mechanism underlying this phenomenon is an important unanswered question.
Nevertheless, severe morbidity may still occur in WHIM patients if there is recurrent infection in an organ (e.g., hearing loss, bronchiectasis). Moreover, there are a few case reports of premature mortality resulting from invasive infection and HPV-or herpesvirus-associated cancer. One of the most interesting and unexplained questions in WHIM syndrome is why HPV is the signature pathogen and why other viruses usually cause only sporadic and limited illness. Lymphopenia and monocytopenia per se might be expected to increase susceptibility to viral infections more broadly, even if adaptive immune cell development and the capacity for antigen-driven responsiveness were normal, particularly if trafficking through secondary lymphoid organs were affected by the WHIM mutation. There is insufficient clinical material available to draw any firm conclusions about this in WHIM patients; however, a mouse model of WHIM syndrome is providing insight [87] . Myelopoiesis was reported to be normal in this mouse, whereas B and T lymphopoiesis was impaired. Lymph nodes had a paucity or absence of B cell follicles and an expansion of T cell zones and follicular hypoplasia was detected in the spleen. These defects in immune organs were associated with mild neutropenia unlike the severe neutropenia that occurs in patients. Both lymphoid follicular hyperplasia and hypoplasia have been documented in rare histopathologic studies of WHIM syndrome in patients [80, 95] . Severe B lymphopenia occurs in patients and in the WHIM mouse, yet hypogammaglobulinemia is absent in the mouse and variable in patients. Thus, the WHIM mouse model recapitulates some but not all WHIM phenotypes.
Regarding T cell responses, the WHIM mutation has been reported to weaken immunologic synapse formation in vitro [49, 96] , and in limited anecdotal studies patients have been reported to have weak, delayed or aborted antibody responses to vaccines, including the HPV vaccine [92, 95, [97] [98] [99] [100] . This highlights a third non-canonical nonchemotactic function mediated by CXCR4 signaling in leukocytes; however, it still does not explain HPV exceptionalism in the disease.
One intriguing possibility is that CXCR4 may also multitask outside the immune system directly in keratinocytes to drive HPV replication. In this regard, there is evidence that keratinocytes can directly express both CXCL12 and CXCR4 in warts in response to expression of the HPV E6 and E7 oncogene products [101] . CXCR4 signaling in keratinocytes expressing the WHIM receptor may enhance keratinocyte proliferation and possibly HPV replication, and conversely CXCR4 blockade is able to decrease oncogene expression in keratinocytes. Numerous CXCR4 + immune cell types, including monocytes, dendritic cells, cytotoxic T lymphocytes (CTLs), plasmacytoid dendritic cells and natural killer (NK) cells, all of which are often deficient in the blood in WHIM patients, may play roles in HPV immunity [102] . The remarkable case of patient WHIM-09, in whom there was spontaneous resolution of warts, myelokathexis, neutropenia and monocytopenia, but not lymphopenia, associated with chromothriptic deletion of the WHIM allele and 163 other genes on chromosome 2 in the myeloid lineage, has suggested an important role for monocyte-derived cells in WHIM-associated HPV pathogenesis [103] .
Plerixafor can rapidly increase all leukocyte subsets tested in the blood, suggesting the possibility that it may be an ideal mechanismbased personalized medicine for WHIM patients to restore infection susceptibility to normal [104] . The situation may be more complicated for adaptive immunity, however, since CXCR4 plays a more complex and nuanced role for adaptive immune cells than for neutrophils outside of the bone marrow in orchestrating trafficking itineraries, positioning in tissue and immune synapse formation. Nevertheless, in a sixmonth Phase 1 clinical trial of twice daily low-dose plerixafor in three WHIM patients, there was evidence of reduced wart burden and preliminary evidence of decreased susceptibility to infection [93] .
Current treatment options in WHIM syndrome include wart ablation, HPV vaccination, G-CSF for neutropenia, prophylactic antibiotics and antibody replacement. G-CSF works in part by stimulating degradation of CXCL12 [105, 106] , presumably releasing cells from their WHIM anchor in bone marrow and other potential storage sites. Three WHIM patients have been reported to be cured: two by bone marrow allotransplantation and patient WHIM-09, mentioned previously, by chromothripsis (chromosome shattering) involving fortuitous deletion of the disease allele in one hematopoietic stem cell (HSC) that gained a relative growth advantage and clonally replaced HSCs and the myeloid lineage, but not the lymphoid lineage, with chromothriptic cells purged of the WHIM allele [103, 107, 108] . This patient has inspired research and development of a preferred cure strategy involving WHIM allele inactivation rather than WHIM allele repair by gene editing in HSCs to take advantage of enhanced bone marrow engraftment potential of CXCR4 haploinsufficient HSCs, thereby potentially obviating genotoxic recipient conditioning. As such, WHIM syndrome may have multiple strategic advantages as a disease indication for gene editing over lossof-function type genetic diseases of the blood. Engineering CXCR4 haploinsufficiency might also be imagined as an adjunct to specific gene therapy for other inherited diseases of the blood to enhance engraftment. Meanwhile, plerixafor given subcutaneously and X4P-001-LD (AMD11070; under development by X4-Pharma) given orally are small molecule CXCR4 antagonists that are both currently undergoing Phase 2/3 clinical trials in the treatment of patients with WHIM syndrome (ClinicalTrials.gov NCT00967785, NCT02231879, NCT03005327). There are currently over 100 registered clinical trials testing CXCR4 antagonists, mostly for plerixafor in cancer and autoimmunity (www. clinicaltrials.gov).
CXCL12/CXCR4/ACKR3 in the cardiovascular system
A major life-threatening non-immunologic phenotype in a small minority of WHIM patients (< 5%) is Tetralogy of Fallot, a severe and uncommon congenital cardiovascular developmental abnormality [109] . The mechanism is unknown; however, it is noteworthy that other cardiovascular phenotypes have also been found in WHIM patients, including ventricular septal defect in one case [110] . Moreover, ventricular septal defects and defective gastric and renal vascularization have been reported in both Cxcl12 and Cxcr4 knockout mice [111, 112] . Consistent with this, CXCL12/CXCR4 signaling has been reported to stimulate angiogenesis, including in the context of ischemia. This has been related at the cellular level to endothelial cell migration and proliferation, at the molecular level to hypoxia-inducible factor (HIF)-1α-dependent ligand/receptor upregulation and CXCL12-dependent vascular endothelial growth factor (VEGF) upregulation, and at the disease level to reduced infarct size after myocardial infarction [113] [114] [115] .
Fatal post-natal cardiac failure has been reported as the major phenotype in three independent lines of Ackr3 knockout mice; however, the causes of death differed [14, 15, 38] . In two of the lines, cardiomyocyte hyperplasia and increased heart weight in neonates were reported [15, 38] , whereas in the third line profound semilunar valve atresia as well as ventricular septal defects in a subset of animals were found [14] . The valve phenotype was recapitulated in mice selectively lacking Ackr3 on endothelial cells. Genetic depletion of adrenomedullin, which has been reported to be scavenged by ACKR3, was able to reverse the cardiovascular developmental phenotype and mortality in one study, suggesting that Ackr3 may act as a molecular rheostat by scavenging and shaping gradients of adrenomedullin to fine-tune its action at a signaling adrenomedullin receptor, such as CLR/RAMP [38] . Importantly, ACKR3 RNA was detected in the heart in endothelial cells and cardiomyocytes. Ackr3 has also been found in lymphatic endothelial cells, and lymphatic sac enlargement has been reported in Ackr3 knockout mice. This was also reversible with genetic depletion of adrenomedullin [38] .
CXCL12/CXCR4 in the nervous system
Cxcl12 and Cxcr4 are important for spatial and temporal developmental control of the nervous system. Mechanisms involved in neuronal cell migration in the cerebellar cortex have been the most thoroughly studied [13, 116, 117] . This is a complex process involving the balance of multiple chemoattractant and repulsive factors separated in space between the meninges and the developing neuroepithelium and in time between the embryonic and early post-natal cerebellum. Cxcl12 is thought to be the key attractive factor produced by the cerebellar meninges [116, 118] . It is directly chemotactic for proliferating Cxcr4-expressing premature granule cells preventing their migration away from the proliferative external granule layer in the embryo. Cxcr4 expression is switched off in these cells in the early post-natal cerebellum, releasing them to migrate into the inner granule cell layer, where they become quiescent, differentiate and migrate through the Purkinje cell layer to their final position. Cxcl12 and Cxcr4 knockout mice both have abnormal migration of granule cells, ectopic Purkinje cells and malformation of the external granule cell layer [12, 13] . In another example of its non-chemotactic actions, Cxcl12 enhances cerebellar granule cell proliferation induced by the mitogen sonic hedgehog, which is produced by Purkinje cells [119] .
Cxcl12 signaling has been reported to modulate many other aspects of nervous system development and function. It appears to be important in the mature nervous system both for homeostasis (e.g. axon guidance, maintenance of neural progenitor cells, and for modulation of neurogenesis, neurotransmission, neurotoxicity and neuroglial interactions) [120, 121] and for the response to stress (e.g. infection, cancer, stroke, autoimmunity and modulation of pain pathways) [122] .
Conclusion
CXCL12. and its receptors CXCR4 and ACKR3 comprise a signaling system that is ancient, highly conserved and essential and provide clear examples of multisystem protein multitasking, which helps explain genetic parsimony. There are many examples of other chemokines and P.M. Murphy, L. Heusinkveld Cytokine 109 (2018) [2] [3] [4] [5] [6] [7] [8] [9] [10] chemokine receptors that are likely to have broad functionality. As just one example, Ackr1 knockout mice have cerebellar and behavioral phenotypes associated with extremely high expression of Ackr1 in Purkinje cells of the cerebellum, yet the precise cellular function of ACKR1 remains elusive [123] . In addition, Ackr1 on nucleated erythroid cells in the bone marrow has recently been reported to regulate hematopoiesis [124] . Future investigations of the chemokine system are likely to uncover many other important roles beyond their eponymous role as chemotactic cytokines in leukocyte migration.
